Protein histidine phosphorylation is increasingly recognized as a critical posttranslational modification (PTM) in central metabolism and cell signaling. Still, the detection of phosphohistidine (pHis) in the proteome has remained difficult due to the scarcity of tools to enrich and identify this labile PTM. To address this, we report the first global proteomic analysis of pHis proteins, combining selective immunoenrichment of pHis peptides and a bioinformatic strategy based on mechanistic insight into pHis peptide gas-phase fragmentation during LC−MS/MS. We show that collision-induced dissociation (CID) of pHis peptides produces prominent characteristic neutral losses of 98, 80, and 116 Da. Using isotopic labeling studies, we also demonstrate that the 98 Da neutral loss occurs via gas-phase phosphoryl transfer from pHis to the peptide C-terminal αcarboxylate or to Glu/Asp side chain residues if present. To exploit this property, we developed a software tool that screens LC− MS/MS spectra for potential matches to pHis-containing peptides based on their neutral loss pattern. This tool was integrated into a proteomics workflow for the identification of endogenous pHis-containing proteins in cellular lysates. As an illustration of this strategy, we analyzed pHis peptides from glycerol-fed and mannitol-fed Escherichia coli cells. We identified known and a number of previously speculative pHis sites inferred by homology, predominantly in the phosphoenolpyruvate:sugar transferase system (PTS). Furthermore, we identified two new sites of histidine phosphorylation on aldehyde-alcohol dehydrogenase (AdhE) and pyruvate kinase (PykF) enzymes, previously not known to bear this modification. This study lays the groundwork for future pHis proteomics studies in bacteria and other organisms.
■ INTRODUCTION
Protein phosphorylation plays an essential role in cell signaling events, and its dysregulation can have pathologic consequences. 1, 2 Much effort has been focused on the global analysis of protein phosphorylation sites and on the enzymes that control phosphosite occupancy. 3 While the most well-studied phosphorylated amino acid residues are serine, threonine, and tyrosine, phosphorylation of other amino acids has been observed and in some cases has been known for many decades. 4−6 In particular, phosphohistidine (pHis) was first discovered over 50 years ago in bovine liver mitochondria, 7 and has since been detected in other eukaryotic and prokaryotic systems. In prokaryotes, pHis plays important roles in two-/ multicomponent signaling systems and in facilitating sugar uptake through the phosphoenolpyruvate phosphotransferase system (PTS). 8, 9 In eukaryotes, pHis has been observed as a dynamic regulatory modification or a direct enzymatic participant in the context of chromatin, central carbon metabolism, and ion channel activity. 4 Nonetheless, in contrast to phosphoserine (pSer), phosphothreonine (pThr), and phosphotyrosine (pTyr), still relatively little is known about the pHis modification. Progress in the study of pHis has been significantly hindered by the lack of available research tools 4 due in large part to the labile nature of the pHis phosphoramidate moiety. Hydrolysis of the phosphoramidate in pHis releases roughly twice the energy of the phosphoester of pSer, pThr, or pTyr (ΔG°of hydrolysis −12 to −13 kcal/ mol vs −6.5 to −9.5 kcal/mol). Accordingly, under acidic conditions, pHis is rapidly hydrolyzed to phosphoric acid and histidine, with a half-life of <30 s in 1 M HCl. Thus, the facile dephosphorylation of pHis has made studies of pHis biology extremely difficult. 4 To overcome these limitations, our lab has recently developed antibodies that can recognize pHis. Initially, we developed a sequence-specific rabbit polyclonal antibody to phosphorylated histone H4, employing a synthetic histone H4 peptide with the stable analogue, phosphoryltriazolyl alanine (pTza). 10 More recently, we generated a sequence-independent (pan) pHis antibody using the small molecule, phosphoryltriazolyl ethylamine (pTze), as a hapten. 11 Using this pan-pHis antibody, together with mass spectrometric (MS) analyses, we characterized histidine phosphorylation of Escherichia coli PEP synthase (PpsA) and the changes in the levels of this modification as a function of cell state. 11 During the course of that study, we noticed that pHis peptide ions consistently displayed a set of distinct neutral losses upon fragmentation by collision-induced dissociation (CID). Specifically, we observed a prominent neutral loss of 98 Da by CID, consistent with previous observations by others, 12−15 with ancillary losses of 80 and 116 Da. Indeed these neutral losses often dominated the ion current in the MS/MS spectra, leading to reduced efficiency of peptide backbone fragmentation and downstream identification by database search engines.
The neutral loss of phosphoric acid (Δ98 Da) by CID has long been recognized as a hallmark of peptides bearing pSer and pThr. 16 Loss of phosphoric acid occurs at the pSer or pThr residue site by β-elimination, or a charge-directed mechanism, which has been exploited to determine the site of phosphorylation on the phosphopeptide. 17, 18 For pHis peptides, the CID-induced neutral loss of 80 Da is not surprising, as this constitutes loss of HPO 3 upon fragmentation of the labile P−N bond in the pHis residue. However, the observation of Δ98 Da as the most prominent CID-induced neutral loss for pHis peptides is puzzling. It suggests that, in addition to losing HPO 3 (Δ80 Da) by fragmentation at the labile P−N bond, an additional water moiety (Δ18 Da) is somehow concomitantly lost from the peptide at a location other than the histidine residue.
To resolve this enigma, here we explored the gas-phase reaction mechanism of the pHis peptide Δ98 Da neutral loss, using isotopic labeling and peptide fragmentation under CID conditions. Furthermore, we have exploited the pattern of pHis peptide neutral losses that we observe by CID (dominant loss of 98 Da and accompanying losses of 80 and 116 Da) to enhance our ability to detect and characterize pHis peptides from proteomic samples. For this purpose, we developed a software tool, which we call TRIPLET, to identify MS/MS spectra that exhibit the characteristic CID neutral loss triplet pattern (Δ98, Δ80 and Δ116 Da) of pHis peptides. We also designed an MS-based workflow that incorporates this software tool in two ways: (1) to aid in the database search assignment of CID MS/MS spectra to pHis peptides, and (2) to flag potential pHis peptides for subsequent reanalysis by LC−MS using alternative fragmentation techniques. Finally, we employed this workflow in conjunction with the first reported peptide-level enrichment of pHis by immunoprecipitation using a pan-pHis antibody to achieve a global MS-based pHis proteomic analysis of E. coli cells.
■ RESULTS
Prominent Neutral Loss of Phosphoric Acid (Δ98 Da) from a Known pHis-Containing Peptide by CID. As an example of the pHis neutral loss phenomenon, we show in Figure 1 the CID MS/MS spectrum of a tryptic peptide containing a pHis site from the protein PtsI, a known pHiscontaining protein in the E. coli PTS pathway. 11 The spectrum displays a dominant base peak derived from the neutral loss of 98 Da from the parent ion, along with ions of lesser intensity derived from losses of 80 and 116 Da. These neutral loss species dominate the MS/MS ion current, and the observed backbone fragment intensity is low to minimal. This MS/MS analysis was performed by CID in the linear ion trap (LIT) of the Orbi Elite instrument used in this study (see Supporting Figure 1 . MS/MS spectrum of a pHis tryptic peptide, TSpHTSIMAR, from the endogenously phosphorylated E. coli protein PtsI. MS/MS was performed by linear ion trap CID, during which prominent species derived from the neutral loss of 98, 80, and 116 Da dominate the ion current. Major b-and y-ion backbone fragments and species derived from neutral losses off the precursor (M) are indicated in red, blue, and purple, respectively. Inset into the spectrum is a summary sequence, flagged to indicate the detected b-and y-ions, also shown in the sequence ladder above the spectrum. Information). We could also observe similar neutral loss species for the peptide by higher-energy collisional dissociation (HCD) on the same instrument, though their production was subject to large variation by small alterations in HCD parameter settings (data not shown). Therefore, we expect that these pHis peptide neutral losses would be readily observed on any instrument platform, particularly those with trap-based CID, albeit to a greater or lesser extent depending on collision cell parameters. . Neutral losses of 98, 80, and 116 Da in CID MS/MS spectra of diverse pHis peptides. Prominent neutral loss triplets (Δ98, Δ80, and Δ116 Da) were observed in the CID MS/MS spectra for (a) tryptic peptides from known pHis proteins (DhaM, PpsA) and chemically phosphorylated synthetic peptides, respectively, and (b) pHis peptides derived from chemically phosphorylated BSA. The Δ116, Δ98, and Δ80 Da product ion species are indicated in purple with each peak labeled with a green, red, or blue diamond, respectively. Precursor peptide sequences, charge state, and m/z values are shown to the right of each spectrum. MS/MS spectra showing the full recorded m/z range for these CID experiments are shown in Figure S1 . Observation of Δ98, Δ80, and Δ116 Neutral Losses during CID of Diverse pHis-Containing Peptides. To determine whether the observed pattern of neutral losses in PtsI might be a general phenomenon of all pHis tryptic peptides, we conducted LC−MS/MS analysis using CID on a diverse array of pHis peptides from multiple sources. These include: (1) a known pHis protein (DhaM) overexpressed and endogenously phosphorylated in E. coli, 11 (2) a known pHis protein (PpsA) enzymatically histidine-phosphorylated in vitro, 11 (3) synthetic pHis peptides (AAASpHYAAR, TSpHY-SIMAR, TSpHTSIMAR), and (4) bovine serum albumin (BSA) that had been chemically phosphorylated on histidine residues and then digested with trypsin. Each of these pHis peptides displayed the same triplet neutral loss of 98, 80, and 116 Da as the PtsI pHis peptide ( Figure 2 ). Interestingly, this neutral loss pattern did not appear to depend on the position of the histidine residue in the peptide sequence and was observed both for 2+ and for 3+ pHis peptide ions ( Figure 2b) .
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Role of the Peptide C-Terminal Carboxylate in Gas-Phase Loss of Phosphoric Acid from pHis Peptides by CID. We next sought to understand the gas-phase ion chemistry involved in the CID-induced neutral loss of 98 Da from pHis peptides. This phenomenon involves the loss of water (18 Da) in addition to the loss of HPO 3 (80 Da) expected from the breakage of the labile P−N bond in pHis. This additional loss of water clearly must occur at a location different from the pHis residue itself. The sequence diversity of pHis peptides showing this 98 Da loss (Figure 2a and b) implied that a sequenceindependent peptide functional group was likely the source of the additional water loss. This reasoning led us to consider the carboxylate moiety of either the peptide C-terminus (αcarboxyl group) or aspartate/glutamate residue side chains, if present, as the potential source of the water loss. By analogy to bacterial two-component signaling systems, in which the phosphoryl group from pHis in a histidine kinase is transferred to an aspartate side chain, 8 we hypothesized that a similar intramolecular phosphoryl transfer from pHis to the α-carboxyl group or a carboxylate side chain within the peptide, to give an acyl-phosphate, may be occurring in the gas phase CID reaction (Figure 3a and 3c ). To test this idea, we subjected a synthetic pHis PtsI peptide that is free of carboxylate side chains, TSpHTSIMAR, to C-terminal 18 O labeling using trypsin in the presence of 18 O-water. 19 CID of the doubly 18 Figure S4 ). This implies that phosphoric acid loss from pSer peptides does not involve water-loss from the peptide C-terminus.
To explore whether a side chain carboxylate group can also participate in CID-induced 98 Da neutral losses for pHis peptides, we performed a similar experiment as above, wherein aspartate/glutamate-containing pHis peptides were C-terminally 18 O-labeled labeled and subjected to CID fragmentation. We found that CID of a phosphopeptide from the sensor histidine kinase DcuS (SpHEFMNK-C 18 O 18 OH) resulted in prominent neutral loss of 98 Da, and not the 100 Da that we observed in peptides lacking Asp/Glu residues (Figure 3d and 18 O-labeled labeled C-terminus indicates that a side chain carboxylate group can take priority over the α-carboxyl group in the gas-phase phosphoric acid loss of pHis peptides.
In considering the mechanism of phosphoric acid loss from pHis peptide ions, we wondered whether the acyl phosphate moiety generated upon phosphoryl transfer might undergo a βelimination process to afford a ketene species ( Figure S7 ). To probe this hypothesis, we substituted the C-terminal αhydrogen atom of a pHis peptide with deuterium. Elimination in this case would lead to a loss of 99 Da (H 2 DPO 4 ) during CID. Note that it has been previously shown that α-deuteration of phosphoserine leads to a loss of 99 Da through β-elimination during CID, albeit at low levels presumably due to the isotope effect. 18 Accordingly, we prepared a synthetic pHis peptide with a C-terminal deuterated alanine, TSpHTSIMA(d 4 -A), and then subjected it to CID. The CID MS/MS spectrum of this peptide revealed the formation of only the Δ98 Da neutral loss species with no evidence for a loss of 99 Da ( Figure S7 ). This argues against a β-elimination process in this context, although we cannot rule out suppression of this pathway due to a strong isotope effect. Nonetheless, there appears to be an alternate pathway for phosphoric acid loss from the C-terminal acyl phosphate intermediate, which we speculate involves nucleophilic attack on the acyl phosphate by a side chain or backbone group, leading to loss of phosphoric acid and generation of the corresponding cyclic peptide fragment species ( Figure S7 ).
Exploitation of the pHis Neutral Loss Pattern to Screen for MS/MS Spectra of pHis Peptides. We next investigated whether this triplet pattern could be used to distinguish pHis peptides from other common phosphopeptide types by MS/MS. Serine, threonine, and tyrosine phosphopeptide ions are well-known to undergo facile neutral loss upon CID-type fragmentation, resulting in major neutral loss species of Δ116 and Δ98 Da for phosphoserine/threonine, and Δ80 Da for phosphotyrosine. 16 To ascertain whether the observed triplet of neutral losses could act as a distinguishing feature of Figure 5 . Specificity of a second-generation pHis antibody and its use for pHis peptide immunoprecipitation in combination with triplet neutral loss filtering for highly selective discrimination of pHis from pSer/pThr/pTyr peptide analogues. (a) Phosphopeptide library sequences, consisting of tryptic peptides containing the known pHis sites of 9 E. coli proteins. The library was diversified by replacing the pHis site with pSer, pThr, pTyr, or His residues. (b) Library peptides were analyzed by CID MS/MS, and the percentage of individual MS/MS spectra displaying the Δ98, Δ80, and Δ116 Da neutral loss pattern (black bars) or the Δ98 neutral loss (gray bars) was calculated for each phosphotype. Note that these neutral losses were not observed for any of the nonphosphorylated peptides (not shown). (c) Dot blot analysis of the library of phosphopeptides in (a), pooled by phosphotype, using a newly developed α-pHis antibody and an α-pTyr antibody (4G10, Millipore) (see Figure S14 for loading control). (d) Library peptides from (a) were analyzed by CID MS/MS before and after immunoprecipitation with the α-pHis antibody. Tallies of MS/MS spectra displaying the triplet neutral loss pattern were generated for each of the library constituents by the TRIPLET software, and the results were grouped according to pHis, pSer, pThr, or pTyr phosphotype. pHis peptides, we prepared an initial series of isobaric phosphopeptides based on the sequence TSHYSIMAR, where the phosphorylation site was either on Ser2, His3, or Tyr4 (TpSHYSIMAR, TSpHYSIMAR, TSHpYSIMAR). All three phosphopeptides displayed neutral losses upon CID; however, the pattern of these losses was distinctly different (Figure 4 ). While the pHis variant showed the expected triplet losses of 98, 80, and 116 Da, the pSer version displayed only loss of 98 and 116 Da, and the pTyr variant displayed only a minor loss species at Δ80 Da. We confirmed these observations through an additional set of LC−MS experiments using model phosphopeptides AAApSHYAAR, AAASpHYAAR, and AAASHpYAAR, which showed neutral loss patterns identical to their TSHYSIMAR counterparts ( Figure S8 ). These two examples suggest that the neutral loss triplet (Δ98, Δ80 Da, and Δ116) and their relative abundance pattern may serve as a distinguishing feature of pHis peptides, at least under the conventional LIT CID conditions employed in this study.
To further explore whether this triplet neutral loss pattern is a selective feature of pHis peptides, we prepared a 45-member phosphopeptide library derived from nine previously described pHis sites in E. coli. In this library, nine tryptic peptide sequences were synthesized to contain pHis at the endogenous pHis site. Alternatively, the pHis site was replaced with His, pSer, pThr, or pTyr, resulting in 45 peptides in total ( Figure  5a ). CID MS/MS analysis of the pHis peptides from this library resulted in the identical triplet neutral loss pattern as reported for other pHis peptides above ( Figure S9 −S11). To investigate whether the CID-induced triplet neutral loss pattern could be detected for other members of the peptide library, and to evaluate their comparative prevalence, we calculated the percentage of triplet neutral loss-positive MS/MS spectra with respect to the total number of MS/MS spectra for each phosphopeptide type. To tally the triplet neutral loss-positive MS/MS spectra, we developed a software tool in house, which we call TRIPLET (Tool for Retrieving IDs of Phosphopeptides by their neutral Loss fingErprinTs), in which MS/MS spectra from LC−MS experiments can be searched and filtered for those that possess the pHis neutral loss fingerprint ( Figure  S12 ). This tool builds on the concept of previous software for detection of neutral loss species; 20 however, we have added the capability to filter for multiple co-occurring neutral losses with independent abundance thresholds, so as to capture unique patterns of losses that may be characteristic of particular classes of peptides. This software is instrument vendor neutral, as the input for it consists of processed MS/MS peaklist files from LC−MS runs. Additionally, TRIPLET possesses an MS/MS spectrum viewer, so that candidate spectra that meet the pattern filtering criteria may be visually inspected (see Supporting Information for more details on TRIPLET).
Using the TRIPLET software filter, we found that, as expected, pHis peptides displayed a much higher percentage of triplet neutral loss production than for pSer, pThr, and pTyr peptides (Figure 5b) . Notably, the latter group had low, but nonzero levels of triplet neutral loss formation, although precise levels were subject to slight variation based on chosen cutoff threshold parameters in TRIPLET for m/z error tolerances and Δ116/ Δ80 Da peak intensities ( Figure S13 ). Thus, while the triplet neutral losses can be detected at low frequencies in the MS/MS spectra of pSer, pThr, pTyr peptides, their pattern can be largely distinguished from the pHis peptide neutral loss pattern under the appropriate, user-defined settings, demonstrating the potential of TRIPLET as a bioinformatic filter for pHis peptide mass spectra. This discrimination of pHis peptides was not possible when we employed only the Δ98 neutral loss as an MS/MS spectra filtering criterion (Figure 5b) .
We next investigated whether the triplet neutral loss pattern could be used in combination with other pHis peptide enrichment methods to further enhance the specificity of global pHis proteomic analysis. Given the power of phosphopeptide enrichment in proteomic analyses and the impact that it has had on the field, 21−23 we focused our efforts on developing a peptide-based pHis immunoprecipitation methodology for integration into a workflow for pHis proteomic analyses. We used the previously described pTze hapten 11 to prepare a second-generation pan-pHis antibody capable of specifically immunoprecipitating pHis-containing peptides, a property that the previous antibody lacked. The specificity of this antibody for the pHis epitope was analyzed by dot blot and was found to be highly selective for pHis peptides over pSer, pThr, and pTyr species (Figure 5c and Figure S14 ). The antibody was also shown to be effective at immunoprecipitation, and its sensitivity threshold for recovering authentic pHis signal from a complex E. coli lysate peptide matrix was measured through spike-in titration experiments to be ∼1 pmol pHis peptide ( Figure S15 ). Moreover, we demonstrated that the use of pHis peptide immunoprecipitation in combination with the TRIPLET software, led to significant enrichment of pHis peptides from the phosphopeptide library (Figure 5d ). This suggests that the pHis antibody and TRIPLET software can be used in tandem to improve the specificity of detection of pHis peptides from a complex mixture such as a lysate. It is important to note that while CID fragmentation in our workflow provides a means to generate the pHis triplet neutral loss pattern, it does not alone provide optimal pHis peptide MS/MS spectra for identification purposes, due to reduced levels of peptide backbone fragmentation. To overcome this, we incorporated follow-up MS/MS analyses by alternate fragmentation methods for improved peptide ion identification (see next section) and potentially to aide in phosphosite localization 13 (see Figure S16 for an exploration of the effect of different fragmentation methodologies on phosphosite localization scoring).
Use of the TRIPLET Software to Enhance MS/MS-Based Peptide Identification. We envisioned the TRIPLET analysis could play an important role in global pHis proteomic analysis in two ways; (i) to validate CID peptide spectral matches to pHis peptides from standard database searches, (ii) to screen CID LC−MS/MS runs for spectra indicative of potential pHis peptides so as to place these peptides onto inclusion lists (parent ion lists) for subsequent targeted reanalysis by LC−MS/MS using alternative fragmentation methodologies, such as multistage activation (MSA) or electron transfer dissociation (ETD). These fragmentation methods, despite their additional costs in terms of sensitivity and instrument duty-cycle time, can improve MS/MS analysis of phosphopeptides by generating more informative backbone fragments for peptide identification. 24, 25 Importantly, this follow-up targeted reanalysis of potential pHis peptides allows for the dedication of valuable instrument resources to pHis peptides which are likely to be sparse, present at low levels, or poorly matched in the database search of results from the first round of analysis.
To demonstrate the feasibility of a pHis proteomic workflow incorporating TRIPLET to inform and direct pHis peptide MS/MS analyses, we prepared a test set of diverse pHis peptides from BSA that had been chemically phosphorylated on multiple histidine residues (pHis-BSA) using potassium phosphoramidate. 11 This pHis-BSA sample was subjected to proteomic sample workup consisting of thiol reduction and alkylation, and trypsinolysis using a standard protocol slightly modified for pHis compatibility (see Supporting Information). The resulting peptides were analyzed by LC−MS/MS with CID, and the MS/MS spectra peaklist files were screened using the TRIPLET software for spectra that contained the characteristic pHis neutral loss fingerprint. These TRIPLETpositive spectra were then matched to the results of a Mascot search against a BSA protein database using the same peaklist files. Additionally, the list of precursor species associated with these TRIPLET-positive spectra was then used as a parent ion list for a second, targeted LC−MS/MS run using MSA, and this data was also subjected to a Mascot search against the BSA database. The complete set of pHis peptides identified through this process is listed in Table 1 , with their corresponding initial CID-derived match and subsequent MSA-derived match Mascot ion scores. Importantly, we observed that the follow-up MSA analysis on TRIPLET-positive species markedly increased the Mascot score for nearly all of the identified pHis peptides. Indeed, some of the peptides for which no Mascot match was initially possible (above an ion score threshold of 15) based on the CID data became identifiable with substantial confidence through targeted reanalysis by MSA.
Identification of Known, Previously Inferred, and Novel pHis Peptides from the E. coli Proteome. Finally, as a demonstration of the utility of our analytical methodology, we applied it to the context of a global E. coli pHis phosphoproteomics experiment. We undertook pHis proteomic analysis of lysate from nitrogen-limited, glycerol-or mannitolfed E. coli, since those conditions led to the detection of multiple endogenous pHis-positive bands by Western blotting using the pan-pHis antibody ( Figure S17 ). For this analysis, we subjected the lysate samples to thiol reduction and alkylation, trypsinolysis, and desalting with slight modifications to standard methods to enhance pHis compatibility (see Supporting Information). The resultant pHis containing peptides were immunoprecipitated from the lysates using the pan-α-pHis antibody and then analyzed by LC−MS/MS using CID. MS/ MS peak list files were screened using TRIPLET for those containing the pHis neutral loss fingerprint. These same CID peak lists were also searched using Mascot against the SwissProt E. coli protein database. pHis peptides matched by Mascot and also found by TRIPLET to contain the pHis neutral loss fingerprint are listed in Table 2 , together with their Mascot scores derived from the CID data. The peptide sample was subsequently reanalyzed by LC−MS/MS, using a parent ion list to target TRIPLET-positive peptides for fragmentation by MSA. These MSA-derived spectra were then searched against the SwissProt E. coli database using Mascot. pHis match results from this TRIPLET-targeted MSA analysis are also shown in Table 2 .
We were able to characterize 21 distinct endogenous pHis peptides (plus their derivatives, such as alternative charge states, oxidation products, etc.) representing a total of 15 pHis sites from 14 E. coli proteins ( Table 2) . As a negative control for this proteomic experiment, we performed immunoprecipitation without antibody (mock-IP) on glycerol-fed E. coli and conducted an identical set of LC−MS/MS and TRIPLET analyses. We were not able to match any pHis peptides from this mock-IP sample using our approach ( Figure S18 ). Similar analyses of an acid-treated pHis IP sample also resulted in no matches to pHis peptides ( Figure S18) . Given the possibility that some pHis peptides might fragment productively by CID without prominent triplet neutral loss formation, we examined our CID-derived Mascot database search results for any high scoring matches to pHis peptides that did not display the characteristic pHis neutral loss triplet. We failed to find a match to any additional such peptide that had not been already identified by our TRIPLET neutral loss screening approach. Thus, all of the pHis peptides found in our samples displayed triplet neutral loss formation by CID, which led to positive identification through our strategy of targeted reanalysis.
Of the 15 pHis sites detected, 8 had been experimentally verified in the past, while five of the sites, those that we characterized on the proteins PtsP, PtsN, NagE, ManX, and FruB had only been inferred as pHis sites by analogy to other known pHis proteins. 26, 27 Eight of the 15 pHis protein sites were identified in both E. coli growth conditions we examined. Notably, we detected pHis modification of MtlA, a phosphotransferase protein involved in mannitol uptake, only in the context of mannitol-fed cells, suggesting that the mannitol growth conditions stimulated involvement of pHis modification of MtlA and phosphotransfer to internalized mannitol. The two novel pHis peptides we identified here, belonging to the proteins, aldehyde-alcohol dehydrogenase (AdhE) and pyruvate kinase (PykF), were only detected in the mannitol-fed E. coli growth conditions.
To further validate our novel pHis peptide assignments in the AdhE and PykF proteins, we compared the CID MS/MS spectra of our endogenously derived peptides to those of synthetic peptide standards. We found that the synthetic AdhE pHis peptide (FATpHGGYLLQGK) accurately matched the CID fragmentation pattern observed for the endogenous AdhE pHis peptide from the proteomic sample, particularly in the triplet neutral loss region (Figure 6a ). To exclude the possibility that the phosphorylation site may be on the neighboring threonine residue, which is the only other potential phosphorylation site in this peptide, we also analyzed a synthetic AdhE pThr peptide (FApTHGGYLLQGK) and found it to be a poor match to the proteomic AdhE peptide, with a notable absence of the Δ80 neutral loss peak ( Figure  S19 ). We also acid-treated the proteomic sample followed by reanalysis by LC−MS/MS and, as expected for a pHis peptide, observed complete disappearance of the AhdE pHis peptide peak (Figure 6b ). This acid-treatment was sufficient to cause complete loss of detection of a known pHis peptide (PtsP), but not that of non-pHis peptides that were also present in the immunoprecipitation sample ( Figure S20 ). The acid-sensitivity of the putative AdhE pHis peptide, together with its fragmentation pattern match to that of the synthetic peptide standard, support the conclusion that this peptide is an authentic novel pHis modification of the AdhE protein.
We observed a similar trend for the PykF pHis peptide: the endogenous peptide derived from the proteomic sample was acid-sensitive and also displayed a fragmentation pattern that matched well to that of the synthetic PykF pHis peptide standard (Figures 6c and 6d) , but not to an isomeric synthetic standard peptide in which the phosphorylation site was moved to the sole serine in the sequence ( Figure S21 ). Interestingly, while the pHis chemical phosphorylation conditions used to phosphorylate the synthetic PykF peptide, which contains 2 histidines, should result in phosphorylation of either or both histidine residues (LNFSpHGDYAEHGQR or LNFSHGD-YAEpHGQR), we found the monophosphorylated form(s) of this synthetic peptide had pHis localization almost exclusively at the His5 residue, as assessed by phosphoRS 28 with 100% likelihood. Thus, His5 may be a preferred site of chemical phosphorylation for this peptide, or alternatively, phosphoRS may have difficulty in distinguishing between the fragmentation pattern differences caused by modification at H5 and H11 residues. PhosphoRS showed a similarly high pHis localization confidence to the H5 residue for the endogenous PykF peptide. Consequently, while it is most likely that the authentic pHis modification of the endogenous PykF protein resides on the H5 residue of the peptide, as specified by phosphoRS, we cannot formally exclude the possibility that either of the histidines may contain the phosphorylation mark.
■ DISCUSSION AND CONCLUSIONS
In this paper we analyzed the behavior of pHis peptide fragmentation by CID and then used this information to develop a strategy to enhance MS/MS analysis and assignment of pHis peptides. Like other phosphopeptides, we observed that pHis-containing peptides readily undergo neutral loss upon CID fragmentation. Under our fragmentation conditions (particularly those of LIT CID), pHis peptides consistently displayed neutral losses of 98, 80, and 116 Da, with the 98 Da loss being the most dominant. We find that pSer, pThr, and pTyr peptides can also display a triplet neutral loss pattern under our CID conditions, albeit to a significantly lesser extent. However, their patterns can be distinguished from the pHis neutral loss pattern using our newly developed, open source TRIPLET software, by adjusting thresholds for the intensities and m/z error tolerances of the −116 and −80 Da peaks. Given that MS instrument type and/or instrument settings will likely factor into the CID-induced triplet neutral loss pattern of pHis peptides, user optimization of the TRIPLET software parameters may be required to effectively screen for pHis peptide MS/MS spectra. In addition, we found that filtering MS/MS spectra only for the Δ98 Da neutral loss (Figure 5b ) is insufficient to uniquely distinguish pHis peptides. Relying only on a doublet neutral loss pattern (Δ98 and Δ80) for filtering of pHis peptides results in more false MS/MS spectral matches compared to triplet neutral loss filtering (data not shown), presumably due to the extra specificity afforded by the additional product ion detection criterion.
We explored the mechanisms behind the formation of the Δ98, Δ80, and Δ116 Da neutral loss species by CID for pHis peptides. The loss of 80 Da is explained by the loss of HPO 3 via fragmentation of the labile P−N bond. Formation of the Δ98 and Δ116 Da neutral loss species are more perplexing and imply that, in addition to HPO 3 , one or two water molecules (Δ18 Da or Δ36 Da) from the peptide are involved in the neutral loss process. There are three possible sources for loss of water from a peptide: (1) loss from the side chain of a Ser, Thr, Tyr, Asp, or Glu residue, (2) loss from the peptide C-terminal carboxylate, or (3) loss from the peptide backbone itself. Using C-terminally labeled 18 O-labeled peptides free of acidic residues with carboxylate side chains (TSpHTSIMAR-C 18 O 18 OH, MGpHAGAIIAGGK-C 18 O 18 OH, LIpHGQVATR-C 18 O 18 OH) we were able to show directly that the most prominent neutral loss occurred in the form of 18 O-labeled phosphoric acid mediated through loss of HPO 3 plus a heavy water molecule coming from the peptide α-carboxylate, rather than a light water moiety from unlabeled amino acid side chains or the peptide backbone (Figures 3b, S2, and S3 ). However, when an acid residue side chain carboxylate moiety was present in the context of a C-terminal 18 3d, S5, and S6 ). These observations are consistent with recent work from Schmidt and co-workers, in which they provide some evidence for water loss at the C-terminus of a pHis peptide by conducting MS3 analysis of the Δ98 Da neutral loss species. 29 The Δ116 Da neutral loss species presumably originates from the loss of phosphoric acid (Δ98 Da) and an additional water molecule (Δ18 Da). Interestingly, TSpHT-SIMAR-C 18 Conceivably, the Δ116 Da neutral loss could result from the combined loss of HPO 3 and two light water molecules. Interestingly, the fact that a peptide free of hydroxyl bearing side chains (MGpHAGAIIAGGK-C 18 O 18 OH) can undergo CID-induced loss of Δ116 Da and Δ118 Da provides support for the idea that that additional water losses can come from backbone oxygens. Under our LIT CID conditions we did not observe intermolecular transfer of the phosphoryl group to a peptide of the same or different sequence leading to a doubly phosphorylated species. However, recently Gonzalez-Sanchez et al. detected low levels of CID-induced intermolecular phosphate transfer within a pHis peptide homodimer, indicating that intermolecular transfer may indeed be possible under the appropriate conditions. 30 We also found that the position of the His residue in the peptide does not appear to drastically influence the production of the neutral loss pattern (Figure 2b ). Since all tryptic peptides possess a free α-carboxylate, we expect that the neutral loss of phosphoric acid by CID is a generalized, sequence-independent phenomenon, at least for peptides of 2+ and 3+ charge states. As noted in Figure 3d , an amino acid side chain carboxylate is also capable of promoting neutral loss of phosphoric acid from pHis peptides. In the peptides we tested, this fragmentation pathway was favored over the α-carboxylate-mediated phosphoric acid neutral loss. This is supported by previous work where CID fragmentation of a model pHis peptide resulted in dehydration of a neighboring aspartate side chain, presumably as a result of phosphoryl transfer from pHis, followed by loss of phosphoric acid. 13 On the basis of the above studies, we developed a pHis proteomics workflow which exploits the unique CID fragmentation signature of pHis-containing peptides ( Figure  S22 ). This methodology also caters to the labile chemical nature of the pHis modification itself. Thus, both high temperature and acidic conditions are minimized or avoided whenever possible. Critically, the workflow also includes a tryptic peptide enrichment step using a second generation pan- pHis antibody compatible with immunoprecipitation; this type of affinity capture is a common feature of phosphoproteomics, 21−23 but until now has not been possible for pHis. The enriched sample is analyzed by LC−MS/MS and the MS/MS peak list files are then subjected to a database search to match potential pHis peptides and also subjected to additional screening for the pHis peptide neutral loss fingerprint, using the software TRIPLET. Follow-up targeted LC−MS/MS analysis is then employed with alternative fragmentation (e.g., MSA, HCD or ETD), using a parent ion list containing the TRIPLET-positive precursor species. Final database search of the targeted, alternative fragmentation data provides additional high confidence matches to pHis peptides. It is important to note that the TRIPLET algorithm could be built into the MS instrument control software, such that "on-the-fly" decision making could be carried out. Since current instrument control software is incapable of screening for multiple concurrent neutral losses, it was necessary for us to write our own software tool (TRIPLET) for this screen off-line, and then to conduct a reanalysis of samples with a second round of LC−MS/MS.
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We tested our pHis proteomic approach on nitrogen-limited, glycerol-or mannitol-fed E. coli. The E. coli proteome contains 63 proteins that are either reported to have pHis sites, or that have been inferred to contain the modification based on homology to other known sites (Table S1 ). Of these proteins, 27 are involved in the PTS pathway, and it was expected that our growth conditions would lead to buildup of pHis on these proteins due to the absence of PTS-dependent sugars as the carbon source. 31 Indeed, we were able to identify pHis on 10 unique PTS proteins, over a third of the proteins in the pathway. This is the first direct experimental evidence for pHis modification for five of these proteins, namely, PtsP, PtsN, NagE, ManX, and FruB. Given that pHis is a common enzymatic intermediate in central metabolism in both prokaryotic and eukaryotic cells, 4 our results raise the intriguing possibility that pHis proteomics will provide useful information on the metabolic state of a cell, perhaps even aiding the identification of metabolic changes associated with disease. 32 Indeed, E. coli grown on different carbon sources display different pHis protein band signatures as detected by Western blotting with the pHis antibody ( Figure S23) .
Notably, we did not detect any pHis peptides derived from histidine kinases in this study. This might seem surprising given the prevalence of multicomponent signaling systems in bacteria (29 histidine kinases in E. coli, Table S1 ). Conceivably, the sequence context of pHis in tryptic peptides derived from kinases might prevent recognition by our antibody. However, we have previously shown that our pan-pHis antibody can recognize phosphorylated histidine kinases in vitro, 11 and we find that our pHis antibody can immunoprecipitate as little as 1 pmol of a tryptic pHis peptide derived from the histidine kinase, PhoR, arguing against this possibility. A more likely explanation, therefore, is that levels of these proteins, and/or their phosphosite occupancy, are extremely low in general or under our particular E. coli growth conditions. For example, the copy number of histidine kinase EnvZ is reported to be about 60−100 molecules per cell in E. coli, depending on growth conditions. 33 Meanwhile, baseline phosphorylation levels for E. coli histidine kinases have been estimated to range from below 0.01% up to 5%, 34 indicating that very few molecules of phosphorylated histidine kinases may exist per cell, resulting in pHis peptide levels below the 1 pmol detection limit of our antibody. In contrast, PTS proteins are much more abundant in E. coli (10000−20000 molecules per cell) 35 and may have a higher degree of phosphorylation occupancy depending on the metabolic state. Hence, it is likely to be more challenging to detect phosphorylated histidine kinases than phosphorylated metabolic proteins, at least in E. coli.
Interestingly, in our immunoprecipitation of pHis peptides from E. coli lysate, we detected two novel pHis sites on enzymes of central carbon metabolism: on AdhE at His268 and on PykF at His36. We were able to show that the MS/MS spectra of both endogenous pHis peptides matched those of synthetic pHis peptide standards and that the pHis peptide signal for both peptides was sensitive to acid treatment. While it is not immediately clear why these two proteins would be histidine phosphorylated under mannitol-growth conditions, we note that the novel pHis sites on both AdhE and PykF are located in regions of the proteins that have been previously implicated in their function. 36, 37 Additional studies will be required to explore the idea that histidine phosphorylation of these proteins plays a role in regulating their activity, perhaps under specific growth conditions.
In conclusion, this study has provided a number of contributions to the field of pHis proteomics. We have investigated the particular CID fragmentation behavior of pHis peptides and exploited their distinguishing neutral loss signature to enhance pHis peptide identification by MS. To achieve this, we have created a software tool, TRIPLET, which can be used to screen MS/MS spectra for characteristic neutral losses. In addition, we have demonstrated the first use of a pan-pHis antibody in a peptide-level pHis immunoprecipitation as an enrichment step prior to LC−MS analysis. Our streamlined workflow, which combines all of these strategies, allowed us to characterize endogenous pHis sites, including two novel sites, in E. coli. We envision that this workflow can be usefully applied to study the pHis proteome of any organism. Further pHis proteomic studies, including the investigation of pHis proteins from mammalian cells, are currently underway.
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